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Purpose:
To investigate the effects of radiofrequency transmit field (B 1 + ) correction on (a) the measured T1 relaxation times of normal breast tissue and malignant lesions and (b) the pharmacokinetically derived parameters of malignant breast lesions at 3 T.
Materials and
Methods:
Ethics approval and informed consent were obtained. Between May 2013 and January 2014, 30 women (median age, 58 years; range, 32-83 years) with invasive ductal carcinoma of at least 10 mm were recruited to undergo dynamic contrast material-enhanced magnetic resonance (MR) imaging before surgery. B 1 + and T1 mapping sequences were performed to determine the effect of B 1 + correction on the native tissue relaxation time (T1 0 ) of fat, parenchyma, and malignant lesions in both breasts. Pharmacokinetic parameters were calculated before and after correction for B 1 + variations. Results were correlated with histologic grade by using the Kruskal-Wallis test.
Results:
Measurements showed a mean 37% flip angle difference between the right and left breast, which resulted in a 61% T1 0 difference in fat and a 41.5% difference in parenchyma between the two breasts. The T1 of lesions in the right breast increased by 58%, whereas that of lesions in the left breast decreased by 30% after B 1 + correction. The whole-tumor transendothelial permeability across the vascular compartment(K trans ) of lesions in the right breast decreased by 41%, and that of lesions in the left breast increased by 46% after correction. A systematic increase in K trans was observed, with significant differences found across the histologic grades (P , .001). The effect size of B 1 + correction on K trans calculation was large for lesions in the right breast and moderate for lesions in the left breast (Cohen effect size, d = 0.86 and d = 0.59, respectively).
Conclusion:
B 1 + correction demonstrates a substantial effect on the results of quantitative dynamic contrast-enhanced analysis of breast tissue at 3 T, which propagates into the pharmacokinetic analysis of tumors that is dependent on whether the tumor is located in the right or left breast.
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Bedair et al which results in regional signal intensity increase and/or decrease. To date, only a few investigators have addressed the effect of B 1 + variation in DCE MR imaging of the breast. Kuhl et al reported a right-left signal intensity difference in breast lesions by a factor of two at 3 T (16) . This effect has been reported at 1.5 T, although to a lesser extent (17) .
Numerous approaches have been proposed to mitigate the B 1 + nonuniformity effect. These include specially designed volume coils (18) and the use of B 1 + -insensitive adiabatic pulses (19) . In a recent study, investigators also described the application of active radiofrequency shimming technologies by using multichannel transmission that can reduce the signal intensity variability of the tissues across the breasts (20) . However, these approaches require special hardware and can be vendor specific.
Alternatively, B 1 + mapping methods have been used to measure the spatial variation in flip angle across the field of view. This becomes particularly relevant to PK analysis when calculating the native T1 values of tissues on conversion of signal intensity to gadolinium PK analysis has been reported to yield higher K trans and k ep values in breast tumors when compared with benign and normal breast tissues (6, 7) . Koo et al found that tumors with higher K trans and k ep values together with lower v e values at 1.5 T were associated with poor prognosis and often represented the "triple-negative" cancers (estrogen receptor negative, progesterone receptor negative, and human epidermal growth factor receptor 2 negative) (8). El Khouli et al also investigated the incremental value of PK modeling in characterizing breast lesions at 3 T. They showed a similar improvement in diagnostic performance when used in conjunction with the morphologic assessment of breast lesions (3) .
In other studies, investigators applied quantitative DCE MR imaging in monitoring the therapeutic response of patients undergoing neoadjuvant chemotherapy. Changes in K trans have been investigated as early predictive markers of outcome at 1.5-and 3-T field strengths (9-12). Li et al (13) found that early changes in PK parameters could be used to predict the final treatment response, whereas Manton et al found that the change in lesion size was a better indicator of response (14) . Given the variety of breast tumors studied and the range of acquisition protocols used, these contradictory results are not surprising.
One major challenge in the use of quantitative DCE MR imaging at 3 T is the nonuniformity of the radiofrequency transmit field (B 1 + ) observed across the breasts (15) . This causes right-to-left variation in the flip angle, n Changes in K trans can provide independent information regarding tumor perfusion; however, parameters should be corrected for B 1 + nonuniformity when used as a quantitative biomarker for prediction of treatment response. R ecent developments in dynamic contrast material-enhanced (DCE) magnetic resonance (MR) imaging have allowed the functional properties of tumor vascularity to be studied in vivo (1) . Several studies have been conducted to investigate the diagnostic capability of DCE MR imaging in the characterization of breast lesions at 3.0 T, as the increased signal-to-noise ratio can be translated into improved spatial resolution (2, 3) . The application of parallel imaging techniques, together with k-space data-sharing methods, allows for improved temporal resolution, which enables quantitative pharmacokinetic (PK) modeling of contrast agent uptake (4). On implementation of PK modeling, parametric information relating to the transendothelial permeability across the vascular compartment (K trans ), the fractional tissue volume of interstitial space (v e ), and the rate of exchange back to the vasculature, or k ep , can be derived (5).
Advances in Knowledge
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Postacquisition Processing and Image Analysis MR images were reviewed on the diagnostic workstation by two radiologists (R.B. and F.J.G., with 3 and 20 years of experience in MR breast imaging, respectively). The two reviewers identified the lesions of interest in consensus. The quantitative analysis was subsequently performed by one radiologist (R.B). B 1 + correction maps were calculated from the Bloch-Siegert images by using in-house code written in Matlab (Mathworks, Natick, Mass), which included smoothing by using a 3 3 3 median filter. + variation was determined by using a twodimensional Bloch-Siegert-based gradient-echo sequence (22) .
DCE MR imaging acquisition.-A three-dimensional fast spoiled gradient-echo technique with k-space data sharing (volume image breast assessment-time-resolved imaging of contrast kinetics, or VIBRANT-TRICKS) (23) was used. In this acquisition, k-space is segmented into four concentric regions, with the central region sampling interleaved with the three peripheral segments. By incorporating view sharing, images with 0.68 3 0.68 3 1.4-mm spatial resolution were reconstructed.
A catheter was placed within the antecubital vein, and a dose of 0.1 mmol of gadopentetate dimeglumine (Magnevist; Bayer Schering, Berlin, Germany) per kilogram of body weight was administered at a rate of 3.0 mL/sec by using an automated injector, followed by a 25-mL saline flush. In total, five baseline concentration. Sung et al reported a substantial reduction in the difference between the right and left fat T1 values in the breast by using a double-angle B 1 + mapping method (21) .
In this work, we investigated the effects of B 1 + correction on (a) the measured T1 relaxation times of normal breast tissue and malignant lesions and (b) the PK-derived parameters of malignant breast lesions at 3 T.
Materials and Methods
Patient Population
This prospective study was approved by our institutional review and ethics committees, and informed written consent was obtained from all patients prior to the MR imaging examination. Between May 2013 and January 2014, 35 women met the eligibility criterion of biopsyconfirmed invasive ductal breast carcinoma at least 10 mm in diameter. All tumors were managed surgically, and no patients had received any treatment prior to the MR examination. In premenopausal women, care was taken to schedule the MR examination within day 6 to day 16 of their menstrual cycle. Five cases were excluded because of gross visual misregistration between the DCE series and the respective native tissue relaxation time (T1 0 ) maps due to patient motion. A total of 30 patients were included in the final analysis.
Imaging Protocol
The industrial coauthor (S.R.) from GE Healthcare, Waukesha, Wis, provided pulse sequence development support only. The first and last authors (R.B., F.J.G.) had sole control of the data and the material submitted for publication.
All MR examinations were performed on a 3.0-T system (MR 750; GE Healthcare) by using an eight-channel phased-array receive-only breast coil, with subjects lying in the prone position. Three-plane localizer images, followed by axial T1-and T2-weighted fast spinecho images, were obtained ( Table 1) . The total examination time was approximately 20 minutes. (27) . Both native T1 maps (uncorrected and corrected T1 0 maps) were used separately in the quantitative analysis. The correction maps were also applied to the DCE series to compensate for the B 1 + variation in the dynamic sequence and were compared with that without correction. The enhancement from each voxel was measured throughout the time course of data acquisition, and the parametric color maps of K trans and v e were derived accordingly to assess both breasts before and after B 1 + correction. For malignant lesions, representative ROIs from the central section were drawn on the maximally enhancing DCE images and copied to both the uncorrected and corrected T1 0 maps to estimate T1 0 tumor values before and after B 1 + correction.
Quantitative Analysis
ROIs were manually drawn on all consecutive contrast-enhanced sections of the tumor in the axial plane on the DCE MR images. Care was taken to avoid normal breast parenchyma, fat, and necrotic areas. The DCETool plugin (source) was used to perform PK analysis by converting signal intensities B 1 + correction and then after B 1 + correction. Both T1 0 maps and B 1 + maps were resampled to a matrix of 512 3 512 to match the dynamic data for the subsequent PK analysis.
As described by Azlan et al, a region of interest (ROI) that covered twothirds of the breast was drawn on the corresponding B 1 + map to calculate the mean flip angle variation across our cohort (25) . The radiologists manually defined ROIs by encompassing the fat and parenchyma in the right and left breasts of each patient on the uncorrected and corrected T1 0 maps. ROIs were kept constant and were placed on matched portions of each breast to quantitatively compare T1 values in + correction (P , .001). Similar significance was found between T1 0 of the right breast parenchyma (P , .001), left breast fat (P , .001), and left breast parenchyma (P , .001), as shown in Table 3 and Figure 3 . The T1 0 difference between left and right breast fat was 61%, and this was reduced to 7% after correcting for B 1 + nonuniformity. Similarly, the difference in parenchymal values between left and right breasts was 41.5% and was reduced to 13% after correction.
The estimated difference in T1 0 between malignant lesions in the left and right breasts was reduced from 57% to 2.5% after B 1 + correction (Fig 4) .
The Effect of B 1 + Correction on PK Parameters
Given the inverse relationship between the relaxation rate and K trans , lesions in the right breast demonstrated a 41% decrease in K trans after correcting for B 1 + (P , .01), whereas a 46% increase in K trans was observed in lesions in the left breast (P , .01). Similarly, a significant decrease (P , .001) was noted in v e of lesions in the right breast, while that of lesions in the left breast significantly increased after B 1 + correction (P , .001, Table 4 ). Only a slight difference was observed in the spread of the distribution of PK parameters before and after correction of lesions in both breasts, as shown in Figure 5 .
A systematic increase in K trans was found with increasing histologic grade, with significant differences found before and after B 1 + correction (P , .001, Fig 6) .
The effect size of B 1 + correction on K trans was large to moderate (Cohen effect size, d = 0.86 and d = 0.59 for lesions in the right and left breasts,
Histopathologic Analysis
All patients underwent surgery within a mean of 10 days after the MR examination (range, 3-17 days). Histopathologic information, including tumor size, histologic subtype, grade, and expressional status of estrogen receptors and human epidermal growth factor receptor 2 staining, were obtained from the histopathologic reports. The distribution of patients according to these prognostic factors is given in Table 2 .
Statistical Analysis
The nonparametric Wilcoxon signed rank test was used for comparing the right and left breast B 1 + -corrected and uncorrected maps for fat and parenchyma. The malignant lesions in the right and left breasts were also compared before and after B 1 + correction. All results were reported as means 6 standard deviations. Cohen d effect sizes, computed as the mean difference between the corrected and uncorrected groups divided by the pooled standard deviations, were calculated to estimate the effect size of B 1 + correction. Similarly, the effect of B 1 + correction on the PK parameters according to whether the tumor was located in the left or right breast was compared. Medians, 25th and 75th percentiles, and percentages were reported, as appropriate. Group comparisons for the change in K trans according to histologic tumor grade were also made by using the nonparametric Kruskal-Wallis test. Statistical significance was defined as a P value of up to .05. Analyses were performed by using the statistical software platform (SPSS version 21; SPSS, Chicago, Ill).
Results
Thirty women (median age, 58 years; age range, 32-83 years) with 30 histologically proven invasive ductal breast carcinomas constituted the final study population. Figure 2 shows a contrast-enhanced image and B 1 + and T1 0 maps of a breast cancer in the right breast. The mean flip angle variation 6 standard deviation across our cohort was 122% 6 4.2 in the left breast and 85% 6 5.3 in the the effect of B 1 + correction (Fig 1) . Analysis was performed on K trans maps with a threshold that ranged from 0.001 to 5.0 min 21 . Pixels with values lower than 0.001 were assumed to represent necrotic areas, while values above 5.0 min 21 were considered to be uncertain physiological correlates (12) . An upper limit of 1.0 was imposed on v e (5, 26) . For every case, the mean K trans of each ROI was derived and averaged across the whole tumor to calculate whole-tumor K trans values. Similarly, whole-tumor v e values were also derived. 
Discussion
Our results demonstrate a right-to-left variation in the actual flip angle used to acquire images, which has proven to be a large source of discrepancy for measurement of the T1 0 values of tissues. Although we used a phase-based method of B 1 + measurement different from that used by Sung et al, we show similar T1 0 measurements of fat (21) . Our work also demonstrates the effect of B 1 + correction on the T1 0 of parenchyma and malignant 
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parameters that are dependent on whether the tumor is located in the right or the left breast.
Although our results demonstrate a smaller difference in the native T1 0 between the two breasts after B 1 + correction, the difference in the lesion PK parameters may have increased after correction. This indicates that the B 1 + field is not the sole factor that influences the disparity in K trans values of lesions on both sides. We further explored the influence of histologic tumor grade on K trans values. A significant increase in tumor vascular permeability and/or perfusion was observed with increasing tumor aggressiveness before and after B 1 + correction. However, after correction, lesions in the right breast exhibited lower K trans values in the range of 0.12-1.00 min 21 across all grades, while lesions in the left breast exhibited higher K trans in the range of 0.06-2.20 min
21
. Further inherent tumor characteristics (eg, hormonal receptors, hypoxic status) should be investigated with regard to influence on the PK parameters, taking into consideration the B 1 + nonuniformity.
by 57.7% in lesions in the right breast, whereas the T1 0 of lesions in the left breast decreased by 30.2% after correction. After B 1 + correction, the T1 0 difference between lesions in the right and left breast was reduced to 2.5%.
The standardization of acquisition protocols for quantitative breast imaging has been proposed to enable comparison between studies (30). In our study, we explored the effect of B 1 + variation in the range of K trans reported in the literature for breast cancer (0.05-2.20 min 21 ) (12, 31, 32) . Our study showed a significant decrease in PK parameters in lesions in the right breast after correction (P , .01). Similarly, a significant increase in values was observed for lesions in the left breast (P , .01). Although studies in which quantitative PK modeling was performed at 3 T had no mention of a B 1 + correction technique for either the T1 0 map or the dynamic series (10,13), we found that this significantly affects the derived lesions. The technique, first described by Sacolick et al and improved by Turk et al, is popular, as it is robust and relatively accurate over a wide range of flip angles (22, 28) .
Our results demonstrate a significant change in the T1 0 values of fat and parenchyma when calculated for each breast separately. In the right breast, a 57% increase in the T1 0 value of fat and a 33% increase in the T1 0 value of parenchyma were found after correction. In contrast, a 42% and 31% decrease in the T1 0 values of fat and parenchyma, respectively, were observed in the left breast. In line with Sung et al, the T1 difference between the right and left breasts was reduced to 7% in fat and 13% in parenchyma by compensating for B 1 + variation (21) . Our resultant B 1 + -corrected T1 0 values are consistent with other measurements reported in the literature (29) .
A similar effect was found in malignant lesions. The T1 0 value increased In this study, we implemented the VFA approach, as it is the most widely used quantitative method for T1 mapping, involving the use of a three-dimensional fast spoiled gradient-echo sequence, which provides volume coverage with appropriate section resolution for subsequent pharmacokinetic analysis. At higher field strengths, however, the accuracy of the quantitative maps will be affected by inhomogeneities of the transmit field, regardless of the T1 mapping method (33) . A fast B 1 + mapping technique was used to correct the spatial variations in the nominal flip angle and minimize the systematic errors in T1 estimates.
Nonetheless, this approach continues to have a few issues. Incomplete spoiling has been identified as a potential source of error in the VFA calculation, which may in turn lead to slight overestimation of tissue relaxation (34) .
There is currently no consensus on the choice of placement of the ROI within malignant lesions. In most studies, investigators have calculated K trans by using the largest, most enhancing section of the lesion (8,35,36). Veltman et al and Liney et al described a hotspot method for placing the ROI within an area with the highest PK parameter values, as guided by color overlays (6, 37) . In our study, we implemented a whole-tumor parametric method, calculated as the multisection mean across the entire lesion. The sample size in our study is small; however, our results demonstrate a moderate to large effect size of B 1 + correction on the PK parameters. Our cohort included invasive ductal carcinomas only, which does not represent the range of breast neoplasms. However, invasive ductal breast carcinoma was selected to be able to study the most common type of breast cancer encountered in breast imaging clinics. Furthermore, a larger study is necessary to validate these results and study the change in K trans in relation to other prognostic factors.
The variability in the results of quantitative studies has been largely attributed Limitations of our study include inherent misalignment between the T1 0 maps and the images obtained with the dynamic sequence, owing to subtle patient movement. In an attempt to minimize errors, we excluded cases of gross misregistration between the T1 0 maps and DCE series. Further work is needed to produce optimal nonrigid image registration between the T1 0 and DCE series and to mitigate residual motion within the DCE series.
In our study, we did not account for the interobserver variability that field nonuniformity, we demonstrated a substantial shift in K trans and v e that was dependent on whether the tumor was located in the right or the left breast. Although no significant change was observed in the spread of the distribution of K trans across tumors after correction, a systematic increase in K trans was found with increasing histologic grade, which provides independent information concerning tumor perfusion and microvascular structure.
to differences in the imaging protocol and acquisition parameters (30, 32) . However, the purpose of this work was to highlight the important factor of variability observed across the breasts when moving toward a standardized protocol for quantitative imaging at 3 T.
In conclusion, our work demonstrates the effect of B 1 + nonuniformity on the relaxation properties in normal breast tissue and malignant lesions and illustrates the necessity of B 1 + correction to prevent error propagation in subsequent 
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